Recent application of fluorescence microscopy to the study of the bacterial cell cycle has revealed the existence of a cytoskeletal element -once thought to occur only in eukaryotic cells -that mediates cytokinesis, and possibly another involved in chromosome segregation.
The bacterial cell division cycle is punctuated by two major events, chromosome segregation and cytokinesis. What molecular machinery is responsible for carrying out these crucial and complex cell cycle events? The recent application of fluorescence microscopy to bacterial cell biology has revealed a number of proteins that have interesting patterns of spatial localization within bacterial cells. One such protein is FtsZ, which has striking similarities to eukaryotic tubulin and forms a ring at the division site that is functionally analogous to the contractile ring in dividing eukaryotic cells. Many other proteins are localized to the division site (or septum), where they either play an essential role in the cell division process or use the targeting to the division site as a morphological cue to regulate subsequent steps in development. Yet other proteins appear targeted to the cell poles where they play a role in chromosome segregation.
The cytokinetic ring formed by FtsZ, designated the 'Z ring', appears to be required for cell division in all prokaryotes [1] . The evidence that the Z ring is a cytoskeletal element is very strong and comes from complementary in vivo and in vitro studies that have documented the ability of FtsZ molecules to undergo self assembly. In vivo fluorescence microscopy, using either fluorescently labelled antibodies against FtsZ or a fusion protein consisting of FtsZ linked to green fluorescent protein (GFP), has shown the dynamic behavior of the Z ring during the cell cycle [2, 3] .
From these in vivo observations of the Z ring, it was possible that FtsZ is localized to the division site without actually being incorporated into a specific structure. Recent studies, however, have also revealed spirals and other structures, produced by a mutant FtsZ or when FtsZ-GFP is overproduced, that are best explained by self assembly of FtsZ into a defined structure [3, 4] . Complementary in vitro studies have documented the self-assembly properties of FtsZ and the functional similarity of FtsZ to eukaryotic tubulin, first indicated by limited sequence homology [1] . FtsZ self assembles in the presence of GTP or GDP and various promoting agents -such as DEAE dextran, cationic lipids or acid pH -into protofilaments that align along their long axis to form bundles or a two-dimensional array [5] . It is likely that the Z ring is composed of a parallel array of approximately 20 protofilaments that wrap around the middle of the cell like a multistranded belt.
Earlier genetic studies identified other essential cell division proteins that appeared to act specifically at the septum. One possibility is that the Z ring acts as a septal anchor that spatially restricts the activity of these other cell division proteins. One of these proteins, FtsA, has recently been shown to be recruited to the septum in an FtsZ-dependent manner [3, 6] . The function of FtsA is not known, but it may recruit other proteins to the septum, especially those involved in peptidoglycan biosynthesis.
One essential cell division gene, zipA, was isolated in a screen for proteins that bind to FtsZ [7] . ZipA has an interesting topology which, along with its ability to localize to the septum, suggests a likely function. The amino terminus of ZipA is embedded in the membrane, and this is connected by a long linker to a carboxy-terminal domain that is likely to be the part of the protein that interacts with FtsZ. What is not clear is whether ZipA arrives at the division site before or after FtsZ. ZipA may serve to nucleate FtsZ polymers or to anchor them to the membrane, but its role could turn out to be quite different as it appears to be confined to peptidoglycan-containing bacteria.
A fundamental issue is that of how the FtsZ ring is positioned within the cell. One model, based on analogy with tubulin polymerization, suggests that FtsZ assembly is localized by the activation of a nucleation site in the middle of the cell ( Figure 1 ) [1] . Consistent with this model, Z structures, rings and, in some cases, spirals grow bidirectionally from a single site [4] . What constitutes this nucleation site and how is it positioned? The answer to this question is not known, but some issues have been raised by a recent study using the antibiotic cephalexin, a specific inhibitor of septal peptidoglycan biosynthesis [8] .
Cephalexin inhibits FtsI, which is specifically involved in septal peptidoglycan biosynthesis and acts relatively late in septation. Addition of cephalexin causes Z rings in the process of constriction to abort, but allows one or two new rings to appear at future division sites. Prolonged incubation with cephalexin, however, does not lead to the appearance of additional rings. This suggests the surprising possibility that FtsI, which acts late in septation, also has a role in determining future division sites. But it is also possible that the presence of FtsZ in rings lowers the level of soluble FtsZ sufficiently to impair further ring formation.
Another study followed nucleation sites by examining the recovery of a temperature-sensitive ftsZ mutant strain of Escherichia coli [9] . Shifting this mutant to the non-permissive temperature blocked cell division by inhibiting Z ring formation, resulting in the formation of filamentous cells. Shifting these filamentous cells to the permissive temperature led to the rapid localization of FtsZ at regular intervals throughout the cell. This suggests that the nucleation sites for FtsZ localization were already positioned along the filament at the non-permissive temperature. The further implication is that positioning of the nucleation site is coupled to the growth of the cell, but is independent of cell division.
In addition to the active nucleation site in the middle of the cell, masked nucleation sites exist at the cell poles in rod-shaped bacteria. The existence of these sites is revealed in E. coli by overproduction of FtsZ or mutation at the min locus, either of which results in the Z ring forming at a pole of the cell to yield anucleate 'minicells' [1] . These polar sites are likely to be the product of the previous division, remnants of the mid-cell site. It appears that the midcell site is split into two polar sites as soon as Z ring constriction is initiated, and that they are immediately masked by the min system [9] . The min system in E. coli consists of three genes, two of which, minC and minD, combine to inhibit division, and a third, minE, which has anti-inhibitor activity and is able to regulate the topology of division (reviewed in [1] ). This third component is particularly interesting, as it is able to differentiate the mid-cell site from the polar sites.
Switching from the mid-cell site to polar sites is under developmental control in the sporulating bacterium Bacillus subtilis. During vegetative growth, the Z ring is positioned in the middle of the cell, as in E. coli, but during sporulation a Z ring is positioned at each cell pole [10] . One of these Z rings is then activated, leading to the formation of two different-sized cells -a mother cell and a forespore -with different developmental fates. How are these sites differentially recognized? And is the control related to the min system in E. coli? B. subtilis has minC and minD genes, but no minE homologue -which controls the topological specificity of division in E. coli -had been described. Now this void may have been filled by the characterization of a minicell locus, divIVA [11] . Although the DivIVA protein is not homologous to MinE, genetic evidence suggests that it plays a similar role, as it appears to regulate the activity of MinCD. Importantly, a DivIVA-GFP fusion protein is targeted to the middle of the cell, where it could act to shield the site from the inhibitory activity of MinCD. Could DivIVA then be targeted to the poles during sporulation? We should soon know.
During division the Z ring plays an important role in recruiting other division proteins to the division site to spatially restrict their activity [6] . In bacteria that differentially regulate gene expression in progeny cells, such as B. subtilis, the Z ring is likely to play an important role, either directly by providing a structure or indirectly by producing a septum, that could spatially organize key regulatory proteins. One example is SpoIIE in B. subtilis, a key regulatory phosphatase in sporulation involved in switching on gene expression in the forespore. SpoIIE is targeted to the poles, most likely in an FtsZ-dependent fashion, where its activity is likely to be spatially restricted [12] . Another essential protein in sporulation, SpoIIIE, is targeted to the A model for the role of localized proteins during the bacterial cell cycle. In this model, a nucleation site is formed in the middle of the cell, leading to the bidirectional polymerization of FtsZ to form the Z ring. The Z ring, in turn, recruits other proteins to the division site and carries out cytokinesis. Constriction of the Z ring results in splitting the nucleation site in two; each daughter site is then masked by the min (divIVA) system to prevent its reuse. DNA segregation is mediated in B. subtilis by SpoOJ/ParB bound at oriC; following replication initiation at oriC, the duplicated SpoOJ foci are moved apart, possibly by a cytoskeletal system.
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Caulobacter crescentus produces two different cell types, a swarmer cell and a stalked cell, at each division. A major feature of the swarmer cell is the single polar flagellum, which is produced in each cell cycle. A key regulator of late flagellar gene expression, FlbE, is localized to the swarmer side of the septum, so that FlbE-regulated genes are only turned on in the swarmer cell [14] . Although many details of this localization remain unknown, particularly how it is asymmetrically positioned at the septum, it appears that the septum is a morphological cue that triggers gene expression in the swarmer cell.
The study of chromosome segregation in bacteria has, like that of cytokinesis, been hampered by the lack of readily observable structures and the fact that bacteria appear to survive in the absence of a high-fidelity mechanism. Some progress has been made, however, from studies with B. subtilis, where chromosome segregation is tightly linked to successful sporulation. Genetic studies first indicated that a specific mechanism was involved in this segregation, as a region including the origin of DNA replication (oriC) was always targeted to the forespore. This has been confirmed by tagging the origin with lac operators and visualizing its location with a Lac repressor-GFP fusion protein [15] . Furthermore, SpoOJ, which is required for chromosome segregation, has been shown to also localize to the forespore, suggesting it may bind to the origin and be directly involved in its positioning [16, 17] . Interestingly, SpoOJ is a member of the well-studied ParB family of proteins involved in plasmid segregation in E. coli.
The above approaches have also been applied to vegetatively growing cells of B. subtilis, with similar results [15] [16] [17] . A major observation is that, in cells expressing a SpoOJ-GFP fusion protein, fluorescent foci duplicate in concert with the origin and move apart in the absence of an increase in cell length [17] . The implication is that a cytoskeletal system exists to aide in the directed movement of these foci (Figure 1 ). This cannot be composed of FtsZ, as DNA segregation appears normal in the absence of FtsZ [1] . A similar story is unfolding in C. crescentus where a homologue of ParB, along with its partner ParA, are essential proteins required for high-fidelity chromosome segregation. Immunolocalization of these proteins revealed that they are transiently localized to the poles during each cell cycle [18] . ParB binds specifically to the chromosomal origin, suggesting that the Par proteins are involved in the directed movement of the origins as a critical event in segregation.
There are many questions to be answered about the localization of proteins in bacteria. A simple possibility is that many proteins are localized to the septum as a result of formation or action of the Z ring. Some, such as ZipA and FtsA, could interact directly with FtsZ, whereas others might interact with it indirectly. The main question, then, becomes that of how FtsZ is localized. Is the nucleation model correct and, if so, what is the nature of the nucleation site and how is it localized? For DNA segregation, the partition proteins bind specifically to the replication origin, but how are the complexes moved apart toward the cell poles?
